The major dose-limiting toxicity for docetaxel (Doc), neutropenia ([@bib11]), is associated with considerable morbidity, mortality and excessive hospital admissions ([@bib12]). Docetaxel monotherapy (60--100 mg m^−2^, i.v., Q21D), a preferred first-line therapy for recurrent and metastatic breast cancer (MBC), often results in grade 3 or 4 neutropenia ([@bib29]). The appearance of grade 3 or 4 neutropenia frequently leads to delayed chemotherapy administration or dose reduction, both having been associated with worse clinical outcomes ([@bib9]; [@bib25]).

Increased overall dose intensity of Doc, postulated to increase efficacy ([@bib6]; [@bib7]), can compromise safety of the patient. In patients experiencing grade 3 or 4 Doc-related toxicity, granulocyte colony-stimulating factor (G-CSF) can be used for alleviating neutropenia. When the standard G-CSF regimen is applied (300 *μ*g administration starting day 1 post Doc for 5--6 consecutive days) in conjunction with 100 mg m^−2^ bi-weekly Doc, no grade 4 neutropenia is reported in locally advanced breast cancer patients ([@bib33]), or in advanced NSCLC patients ([@bib19]). Nevertheless, an improved schedule for the combined Doc and G-CSF therapy is yet to be determined. Such problems are usually addressed by costly and lengthy clinical trials, whose conclusions may be compromised by the number of recruited patients and the number of tested regimens. In contrast, using mathematical models may be a fast and inexpensive way to predict beneficial Doc and G-CSF combination therapy out of a large space of clinically relevant regimens.

Conventional pharmacokinetic/pharmacodynamics (PK/PD) models, although mandatory for predicting instantaneous drug activity, cannot serve this end. Such models do not predict the long-term effects of drugs, which depend on the dynamics of the affected biological process, in the present case -- granulopoiesis. In contrast, physiological mathematical models of granulopoiesis can be used for studying the effects of chemotherapy ([@bib17]; [@bib41]; [@bib14]; [@bib46]), radiation therapy ([@bib37]; [@bib36]), pathological hematopoiesis ([@bib27]; [@bib13]), bone marrow (BM) transplantation ([@bib30]) or post-chemotherapy G-CSF support ([@bib45], [@bib46]; [@bib40]; [@bib16]), and the allometric scalability across mammals in normal and malignant hematopoiesis ([@bib32]).

In this work, we developed a computational method for optimising chemotherapy and G-CSF regimens in individual patients. The method employs our previously constructed mathematical model for granulopoiesis ([@bib45]), which differs from other granulopoiesis models in accounting for the complex dynamics of mitotic and non-mitotic BM progenitors, with explicit description of cell cycle phase transition in the mitotic compartments. This allows for a faithful representation of the action of cell cycle phase-specific drugs, such as Doc. The model, which includes the secretion, diffusion, clearance and specific interactions of G-CSF with cells in the different granulopoiesis compartments, is new in considering both short- and long-term effects of G-CSF on the BM, both in neutropenic and in healthy subjects.

To validate the granulopoiesis model and use it to suggest safer chemotherapy regimens, a mechanistic PK/PD model of Doc was combined with the granulopoiesis model, for which the parameters were literature-based ([@bib45]). The integrated granulopoiesis--PK/PD model was adjusted to describe a population of MBC patients, treated by Doc monotherapy (denoted population-specific model). The population-specific model was then validated on an independent set of Doc patients from the same population. Following validation, the model was integrated with a new optimisation procedure, thus enabling the identification of improved Doc/G-CSF regimens. Specifically, two optimisation processes were performed on a range of potential regimens, one in which the G-CSF regimen was optimised for the standard tri-weekly Doc regimen, and a second in which the G-CSF regimen was optimised for a potential high-Doc regimen (150 mg m^−2^ tri-weekly). This process was performed for patients with various initial neutrophil counts.

Patients and methods
====================

Patients
--------

Weekly blood counts were collected from 38 Caucasian MBC patients from two sites, treated by tri-weekly or weekly Doc regimens; neutropenic patients were sampled bi-weekly until recovery (Nottingham City Hospital, Nottingham, UK; Soroka Medical Centre, Be\'er Sheva, Israel; see details in [Table 1](#tbl1){ref-type="table"}). Using the Nyquist--Shannon sampling theorem, the sampling was found sufficient for our modelling purposes ([@bib23]; [@bib39]). Patients from both sites were mixed and randomly divided into a set of data to be used for calibrating model parameters (*N*=12; denoted training set) and a set of data to be used for model validation (*N*=26; denoted validation set). Docetaxel schedules and neutrophil baselines (median 5080 neutrophils per *μ*l; range 1800--15500) were used as model input. Individual plasma Doc measurements were not collected, and prior chemotherapy and performance status, only partially recorded, were not included.

General granulopoiesis model
----------------------------

The mathematical model employed describes neutrophil development in the BM, from myeloid progenitors (including colony-forming unit (CFU) of granulocyte, erythrocyte, monocyte and megakaryocyte; CFU of granulocyte and monocyte; and CFU of granulocyte inflow, through proliferating neutrophil progenitors (myeloblasts, promyelocytes and myelocytes) and post-mitotic progenitors to blood neutrophils ([Figure 1](#fig1){ref-type="fig"}). The mathematical model features an explicit cell cycle in the mitotic compartments and receptor-mediated G-CSF clearance. The G-CSF is taken as a feedback molecule governing BM maintenance of a steady neutrophil level in the blood. The model includes G-CSF secretion, diffusion, clearance and interactions with different cell compartments in the normal neutrophil development. The parameters of the general granulopoiesis model were estimated based on an extensive set of experimental data, including radioactive labelling of BM cell compartments *in vivo*, and blood neutrophil profiles in normal population-specific conditions, as well as in cancer patients subject to chemotherapy. The parameters of G-CSF PK/PD were estimated based on experimental data from neutropenic patients and healthy volunteers administered with G-CSF ([@bib45]).

Doc PK model
------------

For calculating the concentration-time profiles, we assumed a three-compartment population mean Doc PK model with linear elimination ([@bib8]). The parameters of the Doc PK model were estimated using data taken from a study with a dose of 100 mg m^−2^ Doc administered in a 1 h i.v. infusion ([@bib47]) and then validated on independent data ([@bib3]) (see also [Supplementary Material and Figure S1](#sup1){ref-type="supplementary-material"} therein).

Doc PD model
------------

The effects of Doc on granulopoiesis ([Figure 1](#fig1){ref-type="fig"}) were modelled as a direct killing of neutrophil-proliferating progenitors, myeloblasts, promyelocytes and myelocytes -- the most likely targets of Doc in granulopoiesis ([@bib31]). The effect of Doc on more primitive hematopoietic compartments was ignored in our model, because the majority of primitive hematopoietic cells are in the G0 phase ([@bib2]), and their proliferation due to chemotherapy-induced BM depletion ([@bib21]) occurs 2--3 days after chemotherapy administration, when Doc concentration is already low. For this reason, cell-cycle-specific drug, such as taxanes, are expected to exert little effect on most primitive cells.

Each Doc effect was related to Doc plasma concentration over time as described in equation ([Equation 1](#equ1){ref-type="disp-formula"}):

where *E* is the measured effect at the given concentration *C* (in units of the fraction of killed cells out of total cell number in each compartment). The maximal possible effect is *E*~max~, where *E*~max~ is determined by curve fitting to the experimental data, with values ranging from 0 to 1. The drug concentration, which produces an effect equalling half of *E*~max~ is *C*~nor~; the curve slope at the point \[*C*~nor~*; E(C*~nor~)\] is *(m E*~max~*)/(4C*~nor~).

Population-specific model
-------------------------

The population-specific model was created by first incorporating the PK/PD model of Doc into the general granulopoiesis model. Population-specific model parameters were estimated via least squares curve fitting to clinical data from the training set, using a cross-entropy search algorithm ([@bib26]). This process resulted in a single parameter set, common for all patients, excluding their initial baseline neutrophil counts and their treatment regimen.

Model validation
----------------

Model validation was performed by comparing model predictions to clinical results of individual patients from the validation set ([@bib15]; [@bib5]). The following criteria were used to assess the accuracy in the validation set: (i) accuracy in predicting nadir day (nadir day defined as the lowest observable neutrophil count at each cycle), (ii) accuracy in predicting the occurrence of grade 3 or 4 neutropenia and (iii) accuracy in predicting neutrophil counts over time (denoted neutrophil profile).

Influence of inter-patient PK variability on prediction accuracy
----------------------------------------------------------------

We examined the influence of CYP3A inter-individual variability ([@bib22]) on the accuracy of the model by varying the PK parameter mostly affected by this variability, namely Doc clearance. The model was simulated on a population with individual clearance values, randomly sampled from a log normal distribution within the experimentally observed range of 5.4--29.1 l^−1 ^hr^−1^ m^2^ ([@bib22]), and the resulting nadir timing and grade 3 or 4 neutropenia were compared with that of the population-specific model for a patient with population-average PK parameters ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Treatment optimisation
----------------------

To identify the Doc and G-CSF combination schedule, which maximises efficacy and minimises neutropenia, our developed treatment optimisation method ([@bib1]) was used. This method incorporates four main elements: (i) a population-specific mathematical model, (ii) a regimen space over which the model is simulated, (iii) a scoring function (SF; denoted also as the fitness function), which grades the expected value of each regimen over the defined space and (iv) a search algorithm. In this work, the regimen space had G-CSF doses ranging between 0 and 480 *μ*g per day, with dosing intervals of 1 or 2 days, for 0--10 consecutive daily applications during each Doc cycle. The optimisation process, as described above, was performed for the general granulopoiesis model with normal and borderline grade 1 initial neutrophil counts of 4250 and 2000 neutrophils per *μ*l, respectively, using the cross entropy search algorithm ([@bib26]).

### Scoring function

The *SF* is a function of the G-CSF regimen designed to minimise neutropenia concurrently with the minimisation of G-CSF administration (dose and number of applications). Because of the different toxicity *vs* G-CSF cost/adminstration tradeoffs, the SF is formulated as a weighted average of toxicity SF (*SF*~TX~) and cost SFs (*SF*~Cost~). These *SF*~TX~ and *SF*~Cost~ are bound between 0 and 1, such that the final SF satisfies *SF*∈\[0,1\]. The toxicity weights and cost weights were set to be 1 and 0.05, respectively, to ensure that the improved regimens will have low toxicity and will have a minimal amount of G-CSF administrations.

The *SF*~TX~ is in turn also a weighted average of five functions ∈\[0,1\], each representing different clinical parameters, such as the length of each patient\'s longest grade 3 or 4 event, the average length of each patient\'s grade 3 or 4 event and the percent of the population with grade 2 or higher toxicity at the onset of any cycle. Definitions of neutropenia grades were taken from the NCI Common Terminology Criteria for Adverse Events and Common Toxicity Criteria v4.0 (<http://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm>).

The *SF*~Cost~ is a weighted average of the cost of treatment in terms of the number of days a patient needs to come to the hospital to be administered treatment, normalised is the number of days in a treatment cycle and the cumulative dose multiplied by the drug cost per unit normalised by the maximum possible cost. As the nuisance of coming into the clinic for drug administration is considered more substantial than the cost of G-CSF, the administration and unit cost elements of the cost function are given weight of 2 and 1, respectively. The *SF*~Cost~ was introduced to balance the need to reduce neutropenia with the desire to make the regimen easier to implement in terms of number of hospital visits and cost of the drug.

Statistical methods
-------------------

Correlations between the predictions and the observed nadir timing and neutrophil counts, and their 95% confidence interval (CI), were calculated by Bland and Altman correction for dependence test ([@bib4]). For these correlations, we allowed a time window of ±6 h, and calculated the mean neutrophil count for each data point. Note that clinical blood counts were monitored only once every few days. The positive predictive value was calculated by clinical confirmation of individual model\'s predictions of grade 3 or 4 neutropenia. Negative predictive values were similarly calculated for grade 0--2 neutropenia. The significance of the positive and negative predictive values was calculated by Cohen\'s Kappa measure for agreement ([@bib10]).

Results
=======

Model accuracy: comparison of clinical observations and model predictions
-------------------------------------------------------------------------

The accuracy of the model was assessed in terms of three criteria: nadir timing (criterion i), neutrophil counts (criterion ii) and grade of toxicity per cycle (criterion iii). The predictive accuracy of the population-specific model, which was based on the clinical records of 12 patients from the training set, was assessed on a new set of 26 MBC patients from the same populations (validation set), 16 receiving the tri-weekly regimen and 10 receiving the weekly regimen. The predictive accuracy of nadir timing in each treatment cycle was very high, with *r*=0.99, 95% CI: 0.98--1 (criterion i; [Figure 2E](#fig2){ref-type="fig"}). A good overall prediction of individual neutrophil profiles (excluding the baseline measurements, which served as input) was found *r*=0.62, 95% CI: 0.58--0.69 (criterion ii; [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), with a mean absolute error in neutrophil counts of ±383 neutrophils per *μ*l over all data points. The predictions for neutropenia grade of each patient (criterion iii) from the validation set were significant with positive and negative predictive values of grade 3--4 neutropenia, 86% and 83%, respectively, (*κ*=0.69, *P*\<0.001). Specifically, the model predicted grade 3 or 4 neutropenia for 12 out of 14 patients and grade 0--2 for 10 out of 12 patients who experienced grades 3--4 or 0--2 neutropenia, respectively. Simulation results of neutrophil profiles of four randomly chosen patients from the validation set as compared with their corresponding clinically observed neutrophil profiles are shown in [Figure 2A--D](#fig2){ref-type="fig"}.

Our model\'s predictions were also compared with an independent data set derived from clinical results of a phase I and PK clinical trial, in which the change of the neutrophil counts from the baseline of cancer patients, receiving Doc 5--115 mg m^−2^ bi-weekly or tri-weekly, was recorded. The model\'s predictions were plotted as a function of the estimated area under the curve (AUC) of Doc plasma concentration and showed very good agreement with the clinical observations ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Validation of the model by literature data
------------------------------------------

To further validate the population-specific model, its predictions for the approved 100 mg m^−2^ tri-weekly and 33 mg m^−2^ weekly Doc regimens for MBC ([@bib35]) were compared with clinical results from literature. For the 100 mg m^−2^ tri-weekly regimen, simulations predicted a nadir at day 7 post-Doc and recovery to baseline at ca. day 20 post-Doc, in patients whose baseline count was ca. 4250 neutrophils per *μ*l ([Figure 3A](#fig3){ref-type="fig"}, dashed--dotted line). These results are supported by our clinical findings ([Figure 2B--D](#fig2){ref-type="fig"}) and by other Doc clinical-trial results in which nadir and recovery to baseline were recorded on days 6--10 and 16--22, respectively ([@bib17]; [@bib31]). For the weekly 33 mg m^-2^ Doc schedule, the population-specific model predicts nadir coincidence with the subsequent Doc administration, although no higher toxicity than grade 0 or 1 neutropenia is predicted (neutrophil levels reach to ca. 1600 neutrophils per *μ*l). These results, implying that fractionation of the total Doc dose may relieve Doc-affected neutropenia, are corroborated by clinical observations ([@bib20]; [@bib18]; [@bib38]; [@bib35]; [@bib34]) and further support previous predictions concerning other chemotherapeutics ([@bib1]).

Effect of CYP3A-induced PK variability on model predictions
-----------------------------------------------------------

It is well known that CYP3A affects the clearance of Doc ([@bib22]). We checked how the observed variability in this enzyme ([@bib22]) would influence the model\'s predictions concerning the extent of neutropenia in the individual patient. This was investigated by replacing the average patient clearance in the individual patient models with a randomly chosen value from the clinically observed range of clearance values ([@bib22]) and simulating neutropenic response. The differences were found to be insignificant in terms of nadir timing and duration of grade 3 or 4 neutropenia (see [Supplementary Material](#sup1){ref-type="supplementary-material"} for detailed explanation of methodology and [Supplementary Table S2](#sup1){ref-type="supplementary-material"} for results).

Optimising G-CSF treatment
--------------------------

The validated model was integrated with the developed optimisation procedure, for identifying an improved schedule of G-CSF supportive care. This was done for both the standard tri-weekly Doc regimen (100 mg m^−2^ tri-weekly) and for a higher Doc dosing regimen, which may increase treatment efficacy (150 mg m^−2^ tri-weekly). To this end, schedule optimisation was performed for a large number of patient models that vary in initial neutrophil counts and a large space of possible G-CSF schedules for each one of the two Doc treatments.

The goals of the optimisation was to identify a G-CSF schedule with minimal duration of neutropenia (grade 3), neutropenia level at the onset of the subsequent Doc administration higher than the grade 2 cutoff, and to minimise the amount of G-CSF and the number of G-CSF administrations.

The optimal supportive treatment found in the present study for average patients, having an initial count of 4250 neutrophils per *μ*l, given the standard tri-weekly Doc 100 mg m^−2^ consists of 300 *μ*g G-CSF applied on day 7 for 3 consecutive days ([Figures 3A](#fig3){ref-type="fig"} and [4A](#fig4){ref-type="fig"}). This regimen causes a gradual and moderate decrease in neutrophil counts to grade 3 neutropenia lasting ca. 1 day. In contrast, the model predicts that the same Doc regimen supported by the standard G-CSF regimen of 300 *μ*g administered 1 day post-Doc results in rapid mobilisation of the neutrophils from the BM post-mitotic reservoir into blood, followed by a radical blood neutrophil depletion (grade 4 neutropenia) occurring ca. day 3.5 and lasting 2.5 days ([Figure 3A](#fig3){ref-type="fig"}). The neutropenic response under the standard regimen is expected to be harsher than that with no G-CSF at all ([Figure 3A](#fig3){ref-type="fig"}). The G-CSF regimen, which was found optimal for borderline patients with an initial neutrophil count of 2000 neutrophils per *μ*l (grade 1 cutoff) causing less than 2 days neutropenia when subjected to 100 mg Doc, was G-CSF 300 *μ*g, Q1D × 4, starting on day 5 (data not shown). The latter regimen is less economical and slightly less beneficial for the average patient (initially having 4250 neutrophils per *μ*l, [Figure 4B](#fig4){ref-type="fig"}).

Applying a higher Doc dose (150 mg m^−2^) to patients with average neutrophil count (4250 neutrophils per *μ*l) or lower would be optimally supported by a regimen of G-CSF 300 *μ*g, Q1D × 4, starting on day 5. This regimen, which is expected to increase chemotherapy efficacy, yields slightly lower neutrophil levels, reaching grade 3 and 4 neutropenia that last ca. 2 days ([Figures 3B](#fig3){ref-type="fig"} and [4D](#fig4){ref-type="fig"}). The standard G-CSF regimen, when applied after tri-weekly Doc 150 mg m^−2^, is expected to yield severe grade 4 neutropenia, occurring on day 3 and lasting over 4 days ([Figure 3B](#fig3){ref-type="fig"}). Similarly to the lower Doc dose, the neutropenia response is expected to be harsher under standard G-CSF regimen than with no G-CSF at all ([Figure 3B](#fig3){ref-type="fig"}). The more economical supportive regimen, G-CSF 300 *μ*g, Q1D × 3, starting on day 7 is expected to exert longer neutropenia ([Figure 4C](#fig4){ref-type="fig"}).

Discussion
==========

The computational method developed in this work relies on the quantitative predictive accuracy of the combined PK/PD and granulopoiesis model ([@bib45]). We validated the combined model for chemotherapy-induced neutropenia in MBC patients. The ability to predict, before chemotherapy starts, the patient\'s timing of nadir and the grade of chemotherapy-induced neutropenia is of high clinical importance. Therefore, it is encouraging that the model proves accurate in predicting the nadir of the individual patient (*r*=0.99), as well as grade 3 or 4 neutropenia in most patients experiencing it (positive predictive value of 86% *κ*=0.69). Our combined model was validated for its high precision in predicting the observed nadir and all the recorded counts close to it. Model predictions of the true individual patient\'s nadir cannot be validated by the available clinical results, as clinical sampling was too sparse. That these predictions are probably reliable is suggested by the accuracy of our predictions in the neighbourhood of the nadir ([Figure 2A--D](#fig2){ref-type="fig"}). Moreover, our model is clinically useful, primarily because of its accurate predictions of the patient\'s grade and duration of toxicity; predicting the exact number of neutrophils at nadir is a less essential information. Nevertheless, we hope to conduct prospective trials to validate the accuracy of nadir prediction as well.

The validated model can be used for several means of clinical interest. First and foremost, based on limited clinical data, the model can predict neutrophil counts following drug administration. Using this feature in conjunction with our conceived optimisation method (see Patients and Methods section), personalised treatment protocols can be suggested, which are expected to minimise neutropenia at minimum cost, while maintaining or even increasing drug efficacy.

Simulating granulopoiesis with and without the standard G-CSF regimen, administered 1 day after chemotherapy application, suggests a decrease in the duration of grade 3 toxicity due to G-CSF administration. However, the standard G-CSF regimen may result in lower neutrophil counts with a nadir of less than 100 neutrophils per *μ*l as opposed to the nadir of 360 neutrophils per *μ*l without G-CSF, and a prolonged duration of grade 4 toxicity (2.3 *vs* 1.4 days; [Figure 3A](#fig3){ref-type="fig"}).

This result can be interpreted by closely following the dynamics at the different granulopoiesis compartments, as simulated in our model. It is known that application of G-CSF has two major effects on granulopoiesis: (i) acceleration of neutrophil production and (ii) rapid release of neutrophils from BM reservoirs to blood, as opposed to the naturally occurring gradual neutrophil release ([@bib45]). It is also known that Doc exerts its killing activity only on the early, replicating granulopoiesis compartments, as it is a cell-cycle-specific drug ([@bib24]). Our model simulations show that administration of G-CSF immediately following Doc mobilises the BM neutrophil reservoirs into blood before and non-overlapping with the Doc-induced nadir. The now depleted BM reservoirs can no longer compensate for blood neutrophil shortage, and as a consequence, the nadir is more profound than that without G-CSF ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

These model predictions were corroborated by [@bib28] experimental study in non-human primates. The study showed that G-CSF treatment 1 day post-chemotherapy accelerates and aggravates the observed neutropenia. Applying G-CSF continuously, these authors observe a relatively fast recovery to baseline. Indeed, simulations of the treatment schedule ([@bib28]) showed grade 4 neutropenia with a fast recovery to baseline on day 10 (data not shown). The clinical implication of this finding should be further examined.

In the next stage of the study, we integrated the combined model with a new treatment optimisation procedure, to search for an optimal G-CSF regimen that would decrease both the extent and duration of neutropenia. For an average patient, having ca. 4250 neutrophils per *μ*l and taking the standard Doc regimen, our optimisation procedure singled out an improved supportive regimen wherein G-CSF 300 *μ*g are administered on day 7 post-Doc for 3 consecutive days. This regimen was found to release neutrophils from the post-mitotic BM reservoirs coinciding, and hence, moderating the potential neutrophil nadir caused by the Doc\'s damage to BM progenitors. Moreover, recovery to baseline was relatively rapid because of an efficient stimulatory effect of G-CSF on neutrophil production in the partially recovered BM. For a patient with borderline grade 1 neutropenia, the same supportive schedule was found to yield neutropenia that lasts ca. 3 days, rather than ca. 1 day for average patients. To obtain only 1 day neutropenia, borderline patients should receive more intensive G-CSF treatment, starting 5 days after chemotherapy.

To see if the higher median neutrophil level of the studied population may have affected the selected G-CSF schedule, we simulated patients whose baseline neutrophil counts ranged from 2000 to 8000 neutrophils per *μ*l under three treatment alternatives: (i) no G-CSF, (ii) standard G-CSF regimen and (iii) our recommended G-CSF regimen. Results showed that under all three treatment options, toxicity linearly decreased with increasing baseline neutrophil counts. Over the whole range, the recommended G-CSF regimen yielded lower neutropenia duration than the two alternatives (data not shown).

Simulations of a virtual Doc-treated patient population that varied in the range 2000--8000 neutrophils per *μ*l, or in the restricted range 2000--4250 neutrophils per *μ*l, theoretically confirmed the superiority of the G-CSF regimen suggested here. In these simulations, the average duration of grade 3 and 4 neutropenia was 2.76±0.44 and 3.2±1.2, respectively, under the recommended regimen as compared with 4.0±0.39 and 4.4±0.8, respectively, under the standard G-CSF regimen, and 5.2±2.17 and 7.5±2.5, respectively, under no support (data not shown). It should be borne in mind that these results are expected for Doc monotherapy only; combination therapies should be analysed separately. This holds true also for monotherapy by other chemotherapeutic agents; different drugs stimulate different hematopoietic changes and therefore are expected to be buffered by different G-CSF schedules. Indeed, our recommendations for optimal G-CSF scheduling following doxorubicin treatment were different than those following Doc ([@bib46]).

The optimisation approach was further applied to the unapproved dose intense 150 mg m^−2^ tri-weekly Doc regimen to see if there was a way to give a more effective dose without compromising the safety of the patient. Our results show that neutropenia lasting less than 2 days was achieved by a supportive treatment regimen of 300 *μ*g of G-CSF administered on day 5 post-Doc for 4 consecutive days. The same regimen applied to borderline patients resulted in a slightly longer neutropenia.

These results suggest a promising combination regimen for increased Doc dose intensity with optimally timed G-CSF support. The Doc dose intensity of the improved regimen is actually 1.5-fold larger than the approved Doc intensity of 33 mg m^−2^ per week or 100 mg m^−2^ tri-weekly, and has been considered an overdose. However, the timing of G-CSF application with the suggested high-intensity dosing or the approved 100 mg m^−2^ tri-weekly regimen is crucial; suboptimal timing is predicted to increase Doc-inflicted neutropenia. Moreover, our analysis suggests that the precise dosing regimen of G-CSF can be personalised to maximise its effect and minimise its cost.

Generally, our optimisation results suggest that the effect of G-CSF on neutropenia is determined by a combination of three factors: (i) the day of administration onset, (ii) the number of applications per cycle and (iii) the total daily dose. As is shown above, the largest reduction in neutropenia is achieved by three or four consecutive daily applications of no more than 300 *μ*g G-CSF. Higher doses of G-CSF and more than four daily applications are more costly and have negligible clinical benefit ([Figure 4](#fig4){ref-type="fig"}). These results are corroborated by our previous theoretical and experimental study, predicting and preclinically validating that four consecutive applications of thrombopoietin will optimally stimulate thrombopoiesis ([@bib42]).

In patients with reduced neutrophil counts or in average patients under severe chemotherapy, neutropenia is expected to be slightly longer (by 1 day or less) under G-CSF 300 *μ*g Q1D × 3, starting on day 7, than when four G-CSF dosings are applied, starting on day 5. However, the slightly prolonged neutropenic toxicity of the regimen started on day 7 is expected to be traded off by its reduced cost, and possibly also the side effects, as well as by the increased ease of its application. The choice of the best regimen for the patient is a prerogative of the doctor.

Our work points out the crucial effect of timing of G-CSF application with respect to chemotherapy. We suggest that when optimally applied (see above), G-CSF may significantly moderate the chemotherapy-caused neutrophil nadir. This result might have important implications for clinical oncology ([@bib43]), enabling more efficacious support to highly cytotoxic drugs. In another work, optimal G-CSF application has been considered in patients suffering severe chemotherapy-induced neutropenia at nadir. However, that work ignored the effect of the timing of G-CSF application and the possibility that when optimally timed, G-CSF might alleviate the harsh trough in neutrophil count caused by chemotherapy ([@bib40]).

Pegylated G-CSF will be analysed separately because of its distinct PK properties. It should be borne in mind that the main reason for administering pegylated G-CSF is its prolonged effect. If, indeed, this is the only significant PK/PD difference between the two forms of the drug, then based on our analysis, we expect that initiating pegylated G-CSF later than day 2 after chemotherapy would be preferable. Indeed, [@bib48] suggest that Peg-F should be given on day 4 instead of day 2 post-chemotherapy, as it results in less leukocytopenia, less infections and less therapy-associated deaths.

In our work, we have focused on two representative patients, one with normal and the other with low neutrophil counts, considered at the cutoff point of neutropenia. However, the methodology developed here is easily applicable to individual patient models in the case wherein individual data on initial neutrophil count and Doc clearance is available, ultimately leading to a personal predictive tool for tailoring personal treatment.

Our simulation results suggest that the introduction of CYP3A-induced PK variability ([@bib22]) has little effect on the model\'s predictions concerning the timing of nadir and the duration of grade 3 or 4 neutropenia (see analysis in [Supplementary Materials](#sup1){ref-type="supplementary-material"}). On the basis of these results, one can conclude that the model\'s predictions under the assumption of population average Doc clearance are robust to PK inter-patient variability, which is due to the variability in CYP3A. Other covariates such as *α*-1 acid glycoprotein data ([@bib44]), age, gender and so on are known to affect the clearance of Doc ([@bib7]). However, simulations of the model over the corresponding wider range of clearance values ([@bib7]) reveal that like the CYP3A induced clearance variability, these other covariates, even though they lead to an overall variability in AUC, are not expected to have a large effect on nadir timing and length of grade 3 or 4 toxicity (data not shown).

Our model differs both from current PK/PD models and from phenomenological models, and even from other mechanistic models. For example, [@bib14] provide a detailed mechanistic granulopoiesis model to account for the short- and long-term effects of combined chemotherapy and G-CSF. Our model represents a step forward in this type of granulopoiesis modelling, mainly as it accounts for cell cycle phase transition. This feature is a prerequisite for predicting long-term patient response to cell cycle phase-specific drugs, such as the individual hour of nadir in each treatment cycle, or the differential effects of these drugs as compared with the effects of cell cycle phase non-specific drugs. To the best of our knowledge, our model is the first to be used for predicting the personal response to mono or combination therapies over extended treatment periods. Therefore, it can also predict the personal cumulative toxic effects of drugs on granulopoiesis. Other chemotherapeutic and chemosupportive agents can be adapted to our model, including pegylated G-CSF.

Determining the improved administration schedules of chemotherapy and supporting drugs is a tedious task, and the insufficiency of current predictive tools is a great impediment to treatment personalisation. For example, lack of methods for predicting the time of chemotherapy-induced nadir in individual patients under cytotoxic chemotherapy often impedes timely application of G-CSF. This and other treatment personalisation issues can be addressed by the use of our drug regimen optimisation methodology, according to which phenomenological and mechanistic models are integrated under one framework and simulated to rank a regimen\'s efficacy and toxicity.

We hope that this work will be a step forward towards routine implementation of mathematical models for personalising oncology schedules, and for replacing trial and error methods in drug development by more rational methods leading to efficacious administration of drugs with increased patients\' compliance.
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![Schematic description of the combined docetaxel/granulopoiesis model. Docetaxel (upper box) is represented by a three-compartment PK model, arrows represent exchange constants of the drug between the central and peripheral compartments (*k*~12~*, k*~21~*, k*~13~*, k*~31~) and the elimination rate from the body (*k*~*el*~). Granulopoiesis (lower box) is described as a pipeline initiated by myeloid progenitors (including colony forming unit of granulocyte, erythrocyte, monocyte and megakaryocyte; CFU of granulocyte and monocyte; and CFU of granulocyte) inflowing to the myeloblasts compartment, then, sequentially, differentiating into promyelocytes, myelocytes, post-mitotic (PM) BM cells, and finally being released to blood as mature neutrophils (NEUs). G-CSF accelerates proliferation, transition through the mitotic compartment, release of post-mitotic cells to blood and their apoptosis. Docetaxel targets cells in the mitotic compartments.](bjc2012316f1){#fig1}

![The model\'s predictions compared with clinical outcomes. An example of model-predicted neutrophil counts over time (solid lines) compared with the observed neutrophil counts (empty circles) of four MBC patients treated with different docetaxel schedules: (**A**) 25--35 mg m^−2^ once weekly; (**B--D**) 100--75 mg m^−2^ tri-weekly; (**E**) nadir days at each cycle, of patients receiving tri-weekly docetaxel (circles), model\'s predictions (abscissa), clinical observations (ordinate) and identity line (dashed line; here, the dashed line cannot be seen as it converges with the correlation line); *N*=66. Calculated correlation coefficient, *r*=0.99.](bjc2012316f2){#fig2}

![Neutrophils as a function of the docetaxel/G-CSF regimen. Treatment of MBC patients by G-CSF following a single administration of docetaxel was simulated using the population-adjusted physiological model. (**A**) Simulation results of blood neutrophil counts over time, following standard docetaxel administration of 100 mg m^−2^ tri-weekly; docetaxel only -- no G-CSF (dashed--dotted line); standard G-CSF regimen: 300 *μ*g per day, QD × 5, starting 1 day after docetaxel (dotted line) or improved G-CSF regimen: 150 *μ*g per day, QD × 3, starting on day 7 (solid line); upper limits of grades 3 and 4 neutropenia appear as black horizontal long and short dashed lines, respectively. (**B**) Simulation results of blood neutrophil counts over time, following dose intense (not approved) docetaxel administration of 150 mg m^−2^ tri-weekly; docetaxel only -- no G-CSF (dashed--dotted line); standard G-CSF regimen 300 *μ*g per day, QD × 5, starting 1 day after docetaxel (dotted line) or improved G-CSF regimen: 300 *μ*g per day, QD × 4, starting on day 5 (solid line); upper limits of grades 3 and 4 neutropenia appear as described in **A**.](bjc2012316f3){#fig3}

![Optimisation of G-CSF regimen in an average patient (initial counts: 4250 neutrophils per *μ*l) treated by Doc; grade 3 neutropenia as a function of G-CSF administration regimen. (**A**) Doc 100 mg m^−2^ G-CSF onset on day 7; (**B**) Doc 100 mg m^−2^ G-CSF onset on day 5; (**C**) Doc 150 mg m^−2^ G-CSF onset on day 7; (**D**) Doc 150 mg m^−2^ G-CSF onset on day 5. The number of daily G-CSF dosings appears in the window.The optimal G-CSG regimens, minimising both neutropenia and cost for Doc 100 and 150 mg m^−2^ are G-CSF 300 *μ*g per day, Q1D × 3, on day 7 (**A**) and G-CSF 300 *μ*g per day, Q1D × 4, on day 5 (**D**), respectively.](bjc2012316f4){#fig4}

###### Patients demographics for MBC study population

                                         **Nottingham City Hospital, UK (*****N*****=12)**   **Soroka University Hospital, Israel (*****N*****=26)**
  ------------------------------------- --------------------------------------------------- ---------------------------------------------------------
  Age                                                       51 (36--76)                                            55 (30--80)
  Female                                                        12                                                     25
  Male                                                         \-\--                                                    1
  Weight                                                    64 (45--80)                                            68 (45--98)
  Height                                                  162 (150--170)                                         160 (148--175)
  Ethnic group                                              Caucasians                                             Caucasians
  Docetaxel treatment duration (days)                     152 (114--274)                                          106 (38--354)
  Treatment regimen                               Q21D[a](#t1-fn2){ref-type="fn"}                    Q21D or Q7D[a](#t1-fn2){ref-type="fn"}
  Dose (mg m^−2^)                                         100 (67.5--100)                                         36 (23--101)

Abbreviations: MBC=metastatic breast cancer; Q21D=docetaxel administered every 3 weeks; Q7D=docetaxel administered every 7 days.
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